responses [4, 7] . One mechanism proposed for how learning from self-23 experience contributes to social behavior is that of auto-conditioning, whereby 24 subjects learn to associate their own behaviors with the relevant trigger events. 25
Through this process the same behaviors, now displayed by others, gain 26 meaning. [18,19 but see: 20]. Although it has been shown that only animals 27 with prior experience with shock display observational freezing [21-25] 28
suggesting that auto-conditioning could mediate this process, evidence for this 29 hypothesis was lacking. Previously we found that when a rat freezes, the 30 silence that results from immobility triggers observational freezing in its cage-31 mate, provided the cage-mate had experienced shocks before [24] . Hence, in 32 our study auto-conditioning would correspond to rats learning to associate 33 shock with their own response to it -freezing. Using a combination of behavioral and optogenetic manipulations, here we show that freezing 35 becomes an alarm cue by a direct association with shock. Our work shows that 36 auto-conditioning can indeed modulate social interactions, expanding the 37 repertoire of cues that mediate social information exchange, providing a 38 framework to study how the neural circuits involved in the self-experience of 39 defensive behaviors overlap with the ones involved in socially triggered 40 defensive behaviors. Various studies using different paradigms have shown that prior experience 45 with shock is required for a robust display of observational freezing, [21] [22] [23] 25] . 46
In a previous study we examined observational freezing by placing pairs of 47 cage-mate rats in a two-chambered box, separated by a partition that allowed 48 rats to interact. One of the rats in the dyad, the conditioned demonstrator, froze 49 upon a tone previously paired with footshock. The other rat in the dyad, the 50 observer cage-mate that had never been exposed to the tone, responded to the 51 freezing of the demonstrator by freezing too, but only if it had previously 52 experienced unsignaled shocks [24] . In the present study we set out to 53 investigate how prior experience with shock facilitates observational freezing. 54
We first hypothesized that the stress of receiving unsignaled footshocks could 55 sensitize neural circuits that regulate defensive responses, causing observer 56 animals to respond with increased intensity to otherwise neutral or novel stimuli 57 [26] . To test this hypothesis we subjected observer rats to a different type of 58 uncontrollable emotional stressor, the forced swim session (FS) [27] and 59 compared the level of observational freezing of these rats to those of observer 60 rats subjected to our standard conditioning session: three unsignaled shocks 61 about three minutes apart (from now on "spaced shocks", SS) ( Figure 1A-B) . 62
We first verified the stress response induced by our forced swim and spaced 63 shock sessions, by measuring circulating levels of the stress response hormone 64 corticosterone [28, 29] . Despite the high levels of corticosterone triggered by the 65 FS session ( Figure S1A-B) , FS observer rats did not respond to the freezing of 66 demonstrators. In contrast, as previously shown [24] , SS observer rats 67 displayed robust observational freezing, even if showing significantly lower levels of corticosterone. In this experiment demonstrators paired with FS-69 observers and demonstrators paired with SS-observers showed 70 indistinguishable levels of freezing ( Figure S1C ). Still, due to the nature of the 71 social interaction where individuals influence each other, with the behavior of 72 the demonstrator affecting the observer and vice versa, to directly compare the 73 response of observer rats across conditions, we normalized the freezing of the 74 observer by the freezing of the demonstrator ((Freezing Demonstrator -75
Freezing Observer)/(Freezing Demonstrator + Freezing Observer)). A 76 normalized freezing score of 1 reflects freezing only by the demonstrator; a 77 score of 0 reflects both rats showing similar level of freezing; and -1 78 corresponds to freezing only by the observer. This ensures that any difference 79 in demonstrators' behavior across conditions is accounted for. Figure 1C shows 80 that SS observer rats show normalized observational freezing close to zero 81 (median: 0.01889± 1.129) whereas FS rats close to one (median: 0.8801± 82 0.6693). A Mann-Whitney U test revealed a significant difference between 83 groups (U= 6, p<0.0001). These results fail to support the hypothesis that stress 84 induced sensitization by itself underlies observational freezing, in line with a 85
prior study using mice [21] . It has been hypothesized that experiencing shocks modulates observational 103 freezing through some form of conditioning [22, 25] , stress induced sensitization 104
[22] or because animals can recognize similar experiences in others [21] . When 105 exposed to spaced shocks, rats experience pain [30], learn the association 106 between the context in which shocks were delivered and the aversive stimulus 107
[31], and experience their own freezing [32] , which could potentially become 108 associated with shock, a form of auto-conditioning [18, 19, 22, 25] . To unravel 109 which of these experiential components is important for the display of 110 observational freezing, we subjected observer rats to different shock protocols 111 that allowed testing these components incrementally, and subsequently 112 compared their freezing in the social interaction session (summarized in Figure  113 2A and Methods). Rats that received immediate shocks (IS), a paradigm known 114 as the Immediate Shock Deficit, where rats are placed in a novel chamber, 115 immediately shocked and removed [31], did not experience freezing nor learned 116 about the threat [31], but still exhibited the typical unconditioned responses of 117 jumping and squeaking [32] , reflecting the aversive nature of the experience. In 118 the delayed shocks (DS) protocol, rats did not experience freezing at the time 119 of the shock, but learned the association between context and aversive shocks 120 as measured by their learned freezing to a later exposure to the context in which 121 they received shock [31] ( Figure S2A ). Finally, the third group received spaced 122 shocks (SS) as before, and thus experienced a painful stimulus, contextual 123 threat learning and their own freezing response. Importantly, there were no 124 significant differences in the corticosterone levels of animals exposed to these 125 protocols ( Figure S2B ). We found that only observer animals in the SS group, 126
i.e. that experienced freezing during exposure to shock, displayed robust levels 127 of observational freezing ( Figure 2B ). The lack of freezing by the observers that 128 experienced immediate shocks has a buffering effect [33] on the behavior of 129 their demonstrators, dampening their response to the threatening tone ( Figure  130 S2C). Thus, as before we normalized the observer's freezing by the freezing of 131 the demonstrator, and performed a Kruskal-Wallis test on the normalized 132 freezing score. We found differences between groups (H= 20.53, p< 0.0001) 133 with post-hoc analysis revealing that IS group was different from SS (p<0.0001) 134 and from DS (p= 0.0046) ( Figure 2C ). The normalized freezing in the SS and 135 DS groups was not statistically different (p= 0.4701). Closer inspection of 136 normalized freezing scores of the DS group revealed a widespread distribution, 137 with some rat pairs showing high scores and others showing low scores. Hence, 138
we performed a median split of the normalized freezing scores that divided our 139 population in two groups: one where the freezing ratio is close to zero 140 (freezers), in which both observer and demonstrator animals were freezing; and 141 another where the demonstrator froze while the observer did not (non freezers). 142 Figure 2D depicts the mean traces for the time spent freezing during the social 143 interaction, for DS dyads, split into freezers and non-freezers. The comparison 144 of normalized freezing scores separating these two groups shows that DS-145 freezers did not differ from SS-rats, whereas non-freezers did ( Figure S2D ).
When examining the levels of freezing during baseline, we found that observer 147 rats of the freezers group froze more than those of the non-freezers group 148 ( Figure S2E ). In addition, in 6/8 dyads the freezer observers started freezing 149 first and/or froze more than demonstrators during baseline, suggesting that 150 freezing in the dyad, during baseline is triggered by the observer rat. Experiencing freezing is not sufficient to drive observational freezing 191
The previous experiments show that experiencing freezing, triggered by shock, 193 is required for the display of robust observational freezing. Next, we 194 investigated whether experiencing freezing in the absence of painful stimuli or 195 threat learning, could lead to robust observational freezing. To this end, we 196 used two different stimuli that can induce innate freezing, but are not painful. 197
We exposed observer rats to 2MT (an odor derived from TMT a component of Figure S3 ). 206
Only animals that received SS showed robust observational freezing during the 207 social interaction ( Figure 3C ). A Kruskal-Wallis test was used to compare the 208 normalized scores of freezing between treatments (H= 19.39; p<0.0001). Post-209 hoc tests revealed that the SS group is different from both the Looming group 210 (p= 0.008) and 2MT group (p<0.0001), which did not differ from each other 211 (p=0.2762) ( Figure 3D ). 212
This experiment reveals that the experience of freezing on its own is not 213 sufficient to drive observational freezing. Together with the results of the 214 previous experiments this finding strongly suggests that some form of 215 conditioning, where freezing is paired with a painful event, must occur to 216 transform this behavioral output into an alarm cue. conditioning paradigm. In this paradigm freezing is both a response and a 239 putative conditioned stimulus that, like the contextual cues, can become 240 associated with the shock. To rigorously test whether freezing can become a 241 learned alarm cue i.e. the conditioned stimulus to which observers respond 242 during the social interaction, we asked whether explicitly pairing freezing with 243 shock could drive observational freezing. To this end we used artificial induction 244 of freezing, such that the time of onset and duration of freezing was fixed across 245 rats. We induced freezing for a period of 40 seconds, at the end of which shock 246 was delivered. Importantly, we prevented rats from experiencing shock-elicited 247 freezing by removing them from the chamber immediately after shock delivery, 248 as in the DS shock condition (see table in Figure 1A ). To trigger freezing 249 artificially, we activated optogenetically the ventral lateral PAG (vlPAG) using 250 channelrhodopsin, ( Figure 4A and Figure S4 ), as activation of this area has 251 been shown to elicit freezing [45,46] without inducing threat learning [46] . 252
Consistent with prior reports, stimulation alone induced robust freezing but did 253 not support any contextual fear learning ( Figure 4D ). We then tested rats that 254 either experienced only optogenetically induced freezing (Stimulation), or 255 experienced this form of freezing paired with footshock (Stimulation + Shock). 256
We found that a single pairing of optogenetically induced freezing with shock 257 was sufficient to elicit observational freezing during the social interaction, but 258 optogenetic stimulation alone was not ( Figure 4B ). Indeed normalized freezing 259 scores for the Stimulation + Shock group were different from one (p= 0.0078), showing that freezing by the observer constituted a significant fraction of 261 freezing displayed by the dyad, whereas for stimulation only that was not the 262 case (p>0.9999). Comparing normalized freezing across conditions with a 263
Mann-Whitney U test revealed a significant difference between the two (U= 4, 264 p= 0.0015) ( Figure 4C ). 265
These data support the hypothesis that freezing becomes a conditioned 266 stimulus to which observer animals respond during the social interaction. 
DISCUSSION 284
Observational freezing, triggered upon the display of the same response by a 286 conspecific, has been shown to depend on prior experience with shock. In this 287 study we dissected the components of prior experience that contribute to 288 observational freezing. When receiving shocks rats experience pain, stress, 289 their own behavioral responses and the environment in which shocks were 290 delivered, all of which could contribute to the ability of rats in using freezing by 291 others as an alarm cue. When we tested the role of stress or pain, triggered by 292 shock delivery, we found that, by themselves, these do not lead to observational 293 freezing. In addition, our results show that threat learning, whereby rats learn 294 that the context in which they where shocked is dangerous, does not convert 295 freezing by others into an alarm cue. Experiencing freezing triggered by non-296 painful stimuli that can drive innate freezing, also failed to allow the use of this 297 behavior, when displayed by others, as an alarm cue. Finally, we show that 298 auto-conditioning, in the form of a learned freezing-shock association, mediates 299 observational freezing. 300
When investigating the contribution of prior experience with freezing to 301 observational freezing, we found that exposure to looming shadows or 302 exposure to 2MT [41-44], that drive innate freezing, failed to induce robust 303 threat learning, as measured by conditioned freezing to the context. It has been 304 shown that some predator odors, such as the odor of cat fur, are able to support 305 contextual fear conditioning, but others, like TMT (from which 2MT is derived), 306
are not [40] . Nonetheless, TMT exposure was shown to produce both 307 unconditioned [47] and conditioned avoidance [48] . To our knowledge no other 308 studies tested the ability of visual looming stimuli to reinforce threat learning, 309 but further investigation is necessary to clarify this issue. Still, dissociation 310 between the ability to drive strong freezing and learning has been shown using 311 artificial stimulation of various brain regions in a study by Kim and colleagues 312
[46]. Stimulating the basolateral amygdala, the ventrolateral or dorsal peri-313 acqueductal gray results in freezing, but only the later (dPAG) is able to 314 reinforce threat learning. Together, the current experiments and this study [46] 315 demonstrate an interesting dissociation between the ability to induce strong 316 defensive behaviors and the ability to drive threat learning. Importantly, this supports our finding that in threat learning does not occur without shock, without 318 which freezing does not become an alarm cue. 319
The main finding in this study, that rats learn to associate their own freezing 320 with shock such that later they can use the freezing of others as a conditioned 321 cue, raises the question of what is being associated with shock, when we 322 induce freezing. Previously we have shown that rats use an auditory cue, the 323 cessation of movement-evoked sound, to detect freezing by others [24] . Hence 324 one possibility is that when rats freeze, upon shock delivery, they detected the 325 cessation of the sound that was being produced by their own movement and 326 associate it with the succeeding shock. In essence this would constitute a form 327 of auditory threat conditioning. Alternatively, rats may have a representation of 328 freezing, either a proprioceptive representation of freezing, or a command for 329 freezing in the form of an efferent copy, which could become associated with 330
shock. This later scenario requires rats to know that immobility is always 331 accompanied by cessation of movement-evoked sound, which they can learn 332 throughout their lives, such that they can use this cue to detect freezing in 333 themselves or others. In our experimental conditions observational freezing 334 took place either after multiple shocks, such that the first elicited freezing and 335 the next reinforced learning, or with artificially-induced freezing followed by 336 shock. In the wild, it is very likely that animals freeze before being attacked by 337 the predators, such that freezing can precede the reinforcing stimulus. 338 Therefore, the temporal relationship between freezing and shock in our 339 experiments can reproduce a situation occurring in the wild. 340
In summary, we have shown that auto-conditioning, which in our paradigm 341 occurs through the freezing-shock association, can mediate observational 342 freezing, i.e. the ability of rats to use freezing by others as an alarm cue. Hence, 343 a single encounter with a threat may allow rats to use information from the 344 behavior of others to avoid danger, without the need to learn from self-345 experience the specific cues that predict each different form of threat. This work 346 provides experimental evidence for a long proposed important process involved 347 in the ability of animals to use social information. 348
This study shows how a single learning experience expands the repertoire of 349 natural cues that animals can use to detect threats, while opening a new path 350 to study how learning by self-experience comes to modulate social interactions. After surgical procedure rats were transferred with their cage-mates to double 530 sized top-filtered cages with a buddy barrier (a perforated Plexiglas barrier 531 covered with 1cm holes spaced at 1,5cm). 532
Before experimental manipulation, rats were acclimated for a minimum of one 533
week and were handled for a variable number of sessions, until they were Forced swim: the forced swim apparatus consisted of a Plexiglas cylinder tank 544 with 20cm diameter and 40cm high (Gravoplot). The tank was filled with 24ºC 545 water, measured with a hand held glass mercury thermometer, and kept at a 546 level of 25 cm, to ensure that the rats could not escape the tank but also could 547 not touch the floor while maintaining the head outside of the water. 548
Conditioning and neutral boxes: two distinct chambers (A and B), located in the 549 same procedure room were used in a counterbalanced manner (i.e.-animals 550 that were conditioned in chamber A were exposed to chamber B as a neutral 551 Kjaer microphone (type 4189) and a sound analyzer (hand held analyzer type 564 2250). To reduce the levels of generalization the animals were exposed to 565 neutral boxes. For this purpose the conditioning chambers were used as neutral 566 boxes, in a counterbalanced manner, so animals conditioned in chamber A 567 were exposed to neutral chamber B, with the following modifications: the rod 568 floor was covered with an acrylic plate, and the house light was on. The rats' were taken in single boxes to the room with the fume hood. After a 5 minutes 753 baseline, 3 small filter papers embedded with 6 µl of 2MT were presented to 754 the animal, with an inter-stimulus interval of 2 minutes, inside a small plastic 755 container. 2 minutes after the last presentation the animal was returned to the 756 transport box and then transferred to his home-cage. 757
Optogenetic freezing: experiments were performed with pairs of cage-mate 758 rats, each one assigned randomly to be the demonstrator or the observer. On 759 the first two experimental days each rat was exposed for 15 minutes to each of 760 the boxes, conditioning, social and neutral, with time between exposures 761 ranging from 5 to 24 hours. 762
On the third day, demonstrator (DEM) rats were placed in the conditioning 763 chamber. After an initial period of 5 minutes, demonstrator rats received 5 tone 764 shock pairings (tone: 15s, 5kHz, 70dB; shock 1mA, 0.5s), with the tone and 765 shock co-terminating and an average inter trial interval of 180 seconds (ranging 766 from 170 to 190s). After the last tone-sock pairing animals were returned to 767 their home cage. For observers, two fiber optic cables (200µm, 0.22 NA, Doric 768 lenses) terminating in ferrules were attached to the chronically implanted optic 769 fibers. The rats were then placed in the conditioning chamber. After a baseline 770 period of 3 minutes, 40 seconds of light stimulation were delivered (20mW, 771 20Hz, 40ms pulses). The animals froze for the entire duration of the stimulation 772 that co-terminated with one shock (1,5mV, 1,5 seconds) only for the Stimulation 773 + shock group. After the session the optic cords were removed and the animals 774 returned to their home cage. 775
On the fourth day the pairs of were tested in the social interaction box. Each 776 animal was placed on one side of the two-partition box, and after a 5 minutes 777 baseline period 3 tones (same tone as described above described) were 778 presented, with a 3 minutes inter-trial interval. 779
On the fifth day, observers were placed back in the conditioning chamber and 780 their behavior recorded for posterior assess of context fear by scoring the time 781 they spend freezing over a period of 5 minutes. 782
783

Histological processing 785
Animals were deeply anesthetized with pentobarbital (600 mg/kg, i.p.) and 786 transcardially perfused with PBS (0.01M), followed by ice-cold 4% 787 paraformaldehyde in 0.1M phosphate buffer (PFA). Brains were removed and 788 post-fixed overnight in a 4% PFA solution at 4ºC. The brains were then 789 transferred to a 30% sucrose solution in PBS (0.01M) and kept at 4ºC until 790 sunken. Coronal sections of 50 µm containing PAG (for viral expression and 791 fiber placement verification) were cut, collected on coated slides and mounted 792 using mowiol. A stereoscope (Zeiss Lumar) was used to examine the slides. 793 794
Statistical analysis and exclusions 795
Statistical analyses were performed with the software PRISM 8 (GraphPad). 796
Corticosterone investigation experiment: the normality of the data was 797 evaluated by means of the Kolmogorov-Smirnov test. To compare the basal 798 levels of the hormone, a Mann Whitney U test was performed. To analyze the 799 corticosterone changes in relation to the protocol experienced by the animal, a 800 repeated measures 2way-ANOVA was performed, with treatment (forced swim 801 or spaced shocks) as between-subject's factor and time (basal levels, after 802 experience levels and 30 and 60 minute post experience levels) as the within-803 subject's factor. Post-hoc analysis was done using the Holm-Sidak's test for 804 multiple comparisons. Significance level was set at p<0.05. 805
Criteria for inclusion of data for analysis: since we are investigating how 806 previous experience influences a behavior that is triggered by the behavior of 807 another animal, we decided to exclude from our analysis pair of animas where 808 the demonstrator failed to display defensive responses. To this end, we divided 809 the period after the presentation of the tone (tone that the demonstrators were 810 conditioned to fear and thus that should trigger defensive responses such as 811 freezing) in two 90-second parts. Pairs were excluded if demonstrator animals 812 would not display freezing for at least 33% of this time on either parts of the 813 post tone presentation. 814
For the stress manipulation experiment a total of 29 pairs of animals was used-815 13 with SS observers and 16 with FS observers. From these 3 and 4 pairs were 816 excluded from the respective groups. Final n: SS= 10; FS= 12. 817
For the shock manipulation experiment a total of 44 pairs of animals was used-818 12 with SS observers, 17 with IS observers and 15 with DS observers. From 819 these 1, and 2 pairs were excluded from the SS and IS groups, respectively. 820
Final n: SS= 11; IS= 15; DS=15. 821
For the freezing manipulation experiment a total of 49 pairs of animals was 822 used-14 with SS observers, 20 with "Looming" observers and 15 with "2MT" 823 observers. From these 3, 6 and 6 pairs were excluded from the respective 824 groups. Final n: SS= 11; Loom= 14; 2MT= 9. 825
For the optogenetic manipulation experiment a total of 24 pairs of animals was 826 used-11 with "Stimulation+shock" observers, and 13 with "Stimulation" 827 observers. From these 2 and 5 pairs were excluded from the groups, 828 respectively. From the "Stimulation" group, an additional pair was excluded 829 because the observer was freezing before stimulation during training. Final n: 830 Stimulation+Shock= 9; Stimulation= 7. 831 Experience with shock: to test the robustness of the paradigms we use for prior 832 experience of observers we performed a context test on all of the observers. 833
We scored the percentage of time they spent freezing in the context where they 834 had received the un-signaled shocks. Since the distribution of these values did 835 not comply with the normality assumption we investigated the differences 836 between groups using the non-parametric Kruskal-Wallis analysis with post-hoc 837
Dunn's test for multiple comparisons. Significance was set at p<0.05. 838
Experience with freezing: to test the sufficiency of experiencing freezing as a 839 condition for observational freezing we exposed animals to visual looming 840 stimuli and to the predator odor 2MT. We needed to make sure that our 841 observers were in fact freezing during prior experience. For that we scored the 842 time each animal spends freezing during training i.e. prior experience. We 843 investigated the differences between groups via a Kruskal-Wallis test with post-844 hoc Dunn's test for multiple comparisons. Significance was set at p<0.05. 845
